Excitotoxicity is the process whereby a massive glutamate release in the central nervous system in response to ischaemia or related trauma leads to the delayed, predominantly necrotic death of neurons. Excitotoxicity is also implicated in a variety of slow neurodegenerative disorders. Mitochondria accumulate much of the post-ischaemic calcium entering the neurons via the chronically activated N-methyl-D-aspartate receptor. This calcium accumulation plays a key role in the subsequent death of the neuron. Cultured cerebellar granule cells demonstrate delayed calcium de-regulation (DCD) followed by necrosis upon exposure to glutamate. DCD is unaffected by the ATP synthase inhibitor oligomycin but is inhibited by the further addition of a respiratory chain inhibitor to depolarize the mitochondria and inhibit mitochondrial calcium accumulation without depleting ATP J. Neurochem. 67, 2282-2291]. Mitochondrial depolarization paradoxically decreases the cytoplasmic calcium elevation following glutamate addition, probably due to an enhanced calcium efflux from the cell. Cells undergo immediate calcium de-regulation in the presence of glutamate if the respiratory chain is inhibited; this is due to ATP depletion following ATP synthase reversal and can be reversed by oligomycin. In contrast, DCD is irreversible. Elevated cytoplasmic calcium is not excitotoxic as long as mitochondria are depolarized; alternative substrates do not rescue cells about to undergo DCD, suggesting that glycolytic failure is not involved. Mitochondria in situ remain sufficiently polarized during granule cell glutamate exposure to continue to generate ATP and show a classic mitochondrial state 3-state 4 hyperpolarization on inhibiting ATP synthesis; mitochondrial depolarization follows, and may be a consequence of rather than a cause of DCD. In addition, our studies show no evidence of the mitochondrial permeability transition prior to DCD. The mitochondrial generation of superoxide anions is enhanced during glutamate
Introduction
In addition to playing the major role in excitatory neurotransmission in the central nervous system, glutamate released under pathological conditions (stroke, cardiac arrest and a variety of neurodegenerative disorders) is the dominant cause of the resulting neuronal necrosis or apoptosis, termed excitotoxicity [1] . Within a few minutes of oxygen deprivation the extracellular glutamate concentration in an ischaemic region increases from 1 to 100 M [2] , due to both a burst of exocytosis and a subsequent massive release of cytoplasmic glutamate as the plasma membrane Na ϩ -coupled glutamate transporter reverses in response to the collapsing Na ϩ electrochemical potential gradient [3] . The properties of the post-synaptic N-methyl-D-aspartate (NMDA)-selective glutamate receptor, which has evolved in relation to its role in synaptic plasticity, include a requirement for depolarization to remove the Mg 2ϩ block, the ability to conduct both Na ϩ and Ca 2ϩ , and only partial inactivation in the prolonged presence of glutamate [4] .
One consequence of these properties is that the receptor can continue to function even after reperfusion of the ischaemic area. Thus a 'vicious cycle' can exist whereby the entry of Na ϩ into the cell through the receptor prevents the re-establishment of the Na ϩ electrochemical gradient across the plasma membrane, which is required to re-accumulate the extracellular glutamate within the cytoplasm and close the NMDA receptors [5] . At the same time the continuous entry of Ca 2ϩ into the cell via the receptor initiates a sequence of intracellular events which leads to neuronal death; even brief glutamate exposure can result in subsequent apoptosis, whereas more extreme exposure results in necrosis [6] .
Isolated neurons in culture can model many aspects of NMDA-receptordependent cell death. The model we have exploited is the rat cerebellar granule cell. These neurons are the most abundant in the central nervous system, can be cultured at Ͼ90% homogeneity, and respond to prolonged glutamate exposure with a delayed failure of cytoplasmic Ca 2ϩ homoeostasis, termed by Tymianski et al. as delayed Ca 2ϩ de-regulation (DCD) [7] . DCD reliably predicts subsequent cell necrosis and it is becoming increasingly apparent that the mitochondria play a key role in the initiation of this process.
Mitochondria have a multifactorial influence on neuronal function; in addition to ATP synthesis they can accumulate Ca 2ϩ whenever the local free Ca 2ϩ concentration rises above the set-point (the concentration of free cytoplasmic Ca 2ϩ , [Ca 2ϩ ] c , typically 0.3-0.5 M, at which uptake and efflux balance [8] ). This Ca 2ϩ accumulation can result in a non-specific permeabilization of the inner membrane, termed the mitochondrial permeability transition [9] , and can increase the generation of potentially toxic superoxide radicals by the respiratory chain [10] . Each of these parameters is influenced by, and can in turn influence, the mitochondrial transmembrane potential (⌬⌿ m ; Figure 1 ). Via the cytoplasmic ATP/ADP pool the mitochondria can control the rate of glycolysis, the activity of Ca 2ϩ -and Na ϩ /K ϩ -ATPases at the plasma membrane and consequently the activity or direction of Na ϩ -coupled plasma-membrane transporters. It follows that the design of experiments to investigate the role of just one of these bioenergetic parameters in cell function is far from trivial.
Mitochondria and acute Ca 2ϩ loading of cells
Granule cells can be loaded with Ca 2ϩ via voltage-activated Ca 2ϩ channels (by KCl depolarization) or via NMDA-receptor activation [11] [12] [13] . Fura-2 fluorescence indicates that the peak [Ca 2ϩ ] c rises beyond the Ca 2ϩ set-point observed in experiments with isolated mitochondria, and mitochondrial Ca 2ϩ accumulation under these conditions can be confirmed by the appearance of a protonophore-releasable pool of Ca 2ϩ in Ca 2ϩ -loaded cells [12] . This suggests that abolition of this Ca 2ϩ sink would enhance the observed cytoplasmic Ca 2ϩ transients, and experiments in which cells were Ca 2ϩ loaded, subsequent to protonophore addition, to collapse ⌬⌿ m and inhibit Ca 2ϩ uptake into the matrix appear to confirm this [12, 14, 15] . However, protonophores produce a multiplicity of effects, the most apparent of which is a rapid depletion of ATP due to reversal of the mitochondrial ATP synthase [12] . Thus it is not possible by this means to distinguish between an enhanced Ca 2ϩ elevation due to failed mitochondrial sequestration and one resulting from inhibited ATP-dependent Ca 2ϩ efflux from the cell.
Whereas the glycolytic activity of granule cells is insufficient to maintain ATP levels in the presence of protonophores, inhibition of the mitochondrial ATP synthase by oligomycin does not result in a collapse of the ATP/ADP Superoxide generated by the mitochondria is depicted speculatively as targeted against plasma-membrane ion pumps.
ratio [12] . Oligomycin has proved to be of considerable value in these studies since it allows a single mitochondrial function, ATP synthesis, to be selectively inhibited. Furthermore, in the presence of oligomycin, ⌬⌿ m can be collapsed, for example by the further addition of a respiratory-chain inhibitor, with no effect a priori on the rate of cellular ATP synthesis.
The presence of oligomycin has no effect on the subsequent [Ca 2ϩ ] c transients following either KCl or glutamate addition [12, 13, 16] . However, cells where ⌬⌿ m has been allowed to decay by oligomycin plus a respiratory-chain inhibitor (rotenone or antimycin A) prior to Ca 2ϩ loading show a counterintuitive decreased Ca 2ϩ transient and subsequent plateau [12, 13, 16] . The failure to see an enhanced transient under these conditions suggests that the cytoplasmic ATP/ADP ratio, rather than mitochondrial Ca 2ϩ sequestration, is of prime importance in controlling cytoplasmic Ca 2ϩ . However, it is still necessary to explain the surprising decreased response, which is seen both with KCl-induced Ca 2ϩ loading [12] and following glutamate [12, 13] . The net 45 Ca 2ϩ accumulation by the cells is decreased by mitochondrial depolarization. In the absence of mitochondrial Ca 2ϩ sequestration this must reflect either a decreased uptake via the NMDA receptor and voltage-activated Ca 2ϩ channels, or an enhanced efflux from the cell.
In the presence of glutamate, the rate at which the Ca 2ϩ surrogate Mn 2ϩ quenches the fluorescence of cytoplasmic fura-2 is unaffected by mitochondrial depolarization [16] . It therefore appears that there is no decrease in the activity of the NMDA receptor and the decreased Ca 2ϩ transients must instead be ascribed to an enhanced efflux via the Ca 2ϩ -ATPase. The alternative pathway for Ca 2ϩ efflux, Na ϩ /Ca 2ϩ exchange, would be ineffective in the presence of glutamate due to the increased cytoplasmic Na ϩ [17] . How can the plasma membrane Ca 2ϩ -ATPase detect whether adjacent mitochondria are polarized or depolarized? While there is, to date, no definitive answer, two possibilities present themselves: first, mitochondria could deplete the high sub-plasmalemmal Ca 2ϩ layer, decreasing the activity of the Ca 2ϩ -ATPase; and secondly, the co-accumulation into the mitochondrion of phosphate together with Ca 2ϩ could deplete cytoplasmic phosphate, inhibiting glycolytic ATP synthesis.
Immediate Ca 2ϩ de-regulation as a consequence of ATP depletion
In the absence of oligomycin, addition of protonophores or respiratorychain inhibitors prior to glutamate results in a rapid failure of cytoplasmic Ca 2ϩ homoeostasis [13] . Typically, glutamate addition results in a peak Ca 2ϩ response, followed by a partial recovery that is immediately overtaken by a saturation of the cytoplasmic Ca 2ϩ signal ( Figure 2A ). In this condition, glycolysis is required to generate ATP not only for the normal cellular functions, and for the extrusion of Na ϩ and Ca 2ϩ entering via the NMDA receptor, but also to drive the reversed ATP synthase in an attempt to maintain ⌬⌿ m . It is evident that glycolysis in granule cells is insufficient for this task and rapid ATP depletion and immediate Ca 2ϩ de-regulation (ICD) result [13, 16] .
ICD is not reversed by the addition 5 min after glutamate of the NMDAreceptor antagonist MK-801 [16] . Since glycolysis requires ATP for two steps, it is possible that the ATP depletion associated with ICD is sufficient to inhibit glycolysis [18] and prevent the re-establishment of ionic homoeostasis. However, addition of oligomycin slowly restores Ca 2ϩ homoeostasis and this is facilitated by the further addition of MK-801 [16] . This suggests that the ATP synthase continues to reverse and hydrolyse cytoplasmic ATP even after NMDA receptors are inhibited.
DCD
When fura-2-loaded granule cells are exposed continuously to glutamate for up to 60 min, the [Ca 2ϩ ] c responses of individual cell somata monitored in a digital imager display an initial peak, followed by a partial recovery to an elevated plateau ( Figure 2B ). Subsequently, individual cells may undergo a stochastic failure to maintain a low [Ca 2ϩ ] c , DCD, followed by cell necrosis [13, 16] . DCD has been extensively investigated in a variety of cultured neuronal preparations in an attempt to establish the critical events preceding acute neuronal excitotoxicity. In our studies we have focused on the role of the mitochondria.
In the presence of oligomycin, granule cells show an essentially unchanged pattern of response to glutamate. Not only are the peak and plateau phases unchanged, but DCD occurs to the same extent and after the same delay as in the absence of the inhibitor [13, 16] . Thus DCD cannot be accounted for by a simple failure of mitochondrial ATP synthesis. However, when cells where ⌬⌿ m has decayed in the presence of oligomycin plus rotenone are exposed to glutamate, DCD is greatly attenuated and delayed [13, 16] . Such cell death, as is observed by propidium iodide staining after 5 h of continuous exposure to glutamate/glycine, is equal to that seen in the presence of the inhibitors alone [13] . Thus this combination of mitochondrial inhibitors appears to abolish glutamate-dependent DCD.
The two key questions arising from this work are (i) what cellular function fails during DCD and (ii) what mitochondrial parameter triggers this failure? Both questions are best answered by utilizing specific inhibitors to eliminate functions sequentially.
DCD and cellular dysfunction
Neuronal cell death has been correlated with the extent of Ca 2ϩ loading of the cells [19] . Since mitochondrial depolarization by rotenone plus oligomycin restricts the net accumulation of 45 Ca 2ϩ [13] and the initial cytoplasmic Ca 2ϩ elevation, an important control is to establish whether this is sufficient to account for the neuroprotection. When oligomycin-treated granule cells are incubated in the presence of elevated external Ca 2ϩ (2.6 mM in place of 1.3 mM), [Ca 2ϩ ] c responses to glutamate are enhanced and DCD is potentiated [16] . However, if ⌬⌿ m is collapsed by rotenone/oligomycin prior to glutamate, cells retain a high resistance to DCD even when incubated in elevated external Ca 2ϩ when [Ca 2ϩ ] c is restored to values seen in cells with functional mitochondria [16] . Thus cytoplasmic free Ca 2ϩ per se does not control acute glutamate excitotoxicity. A similar conclusion has been reached in studies with cortical neurons which can maintain function in the presence of protonophore [20] .
Whereas the ability to observe DCD in the presence of oligomycin eliminates a failure of oxidative phosphorylation as the immediate cause, an alternative explanation would be a failure of glycolysis. If this were the sole cause of DCD, then it would be predicted that cells undergoing DCD could be 'rescued' by an alternative ATP-yielding substrate. Pyruvate and lactate are effective substrates for the cells (in the absence of oligomycin). However, addition of lactate plus pyruvate fails to reverse the rise in [Ca 2ϩ ] c , which signals DCD [16] . Thus glycolytic failure is unlikely to be the cause of DCD.
A substantial enhancement in the rate of Ca 2ϩ entry into the cell could overwhelm the capacity of the plasmalemmal Ca 2ϩ -ATPase to extrude the cation and induce DCD. However, Khodorov et al. [21] , using the rate of Mn 2ϩ quenching of cytoplasmic fura-2 as a measure of Ca 2ϩ entry, could detect no increase in divalent cation permeability during DCD. By elimination, the most likely locus for the initiation of DCD is a failure of Ca 2ϩ extrusion by the plasmalemmal Ca 2ϩ -ATPase.
Mitochondrial function during NMDA-receptor activation
The mitochondrial transmembrane potential, ⌬⌿ m (or the full proton motive force, ⌬p), is the key mitochondrial parameter controlling ATP synthe-sis, Ca 2ϩ sequestration and the generation of reactive oxygen species. It is, however, a difficult parameter to monitor in intact neurons. Most current methodologies rely upon changes in the fluorescence of membrane-permeant cationic dyes which initially accumulate to a Nernst equilibrium across both the plasma and inner mitochondrial membranes. Above a critical concentration, dye aggregation will occur in the mitochondrial matrix; this is associated with fluorescence quenching, with the result that additional dye accumulated into the matrix will not produce an increased fluorescence. At the single-cell level of resolution obtainable with non-confocal imaging the result of an acute mitochondrial depolarization will be an initial increase in whole-cell fluorescence as the dye is released to the cytoplasm. However, this will in turn create a disequilibrium across the plasma membrane, resulting in an efflux of dye across the plasma membrane to restore the Nernst equilibrium. Conversely, a selective depolarization of the plasma membrane potential (⌬⌿ p ) results in a redistribution of the dye out of the cell, and thus in a decrease in whole-cell fluorescence.
This dual sensitivity to changes in either membrane potential is seen with the commonly used indicator tetramethylrhodamine methyl ester (TMRM; Figure 3 ). The addition of protonophore results in the biphasic increasedecrease predicted for a rapid collapse of ⌬⌿ m ( Figure 3A) , whereas elevated KCl results in a slower monophasic loss of fluorescence ( Figure 3B ). The consequences of this behaviour for the monitoring of ⌬⌿ m in neurons exposed to 
Ͼ520 nm). (A) Hyperpolarization of mitochondria following addition of
glutamate, where NMDA-receptor activation causes plasma-membrane depolarization, are that the whole-cell fluorescence is a complex composite of both potentials. Figure 4 shows that the decreased fluorescence following glutamate addition, which has been previously suggested to represent a profound depolarization of the mitochondria [22] , is primarily due to the plasma-membrane depolarization accompanying NMDA-receptor activation. When glutamate is added to granule cells incubated in 50 mM KCl, in which case the plasma membrane is largely depolarized, little change in fluorescence is seen until a protonophore is added, producing the biphasic response characteristic of mitochondrial depolarization ( Figure 4B) . It is thus possible that the extent of mitochondrial depolarization induced by acute glutamate addition may be less than commonly reported. The most important question for the bioenergetic function of the neuron, however, is not the absolute value of ⌬⌿ m , but whether it is adequate for the net generation of ATP, or whether the mitochondria are depolarized sufficiently for the ATP synthase to reverse and hydrolyse cytoplasmic ATP. Once again, the ATP synthase inhibitor oligomycin is a useful tool in this respect: mitochondria in situ that are utilizing the proton gradient to generate ATP show a slight hyperpolarization when that synthesis is inhibited by oligomycin [23] . This 'state 3-state 4 transition' can be detected in control cells as a decrease in whole-cell fluorescence as more TMRM accumulates into the quenched environment of the matrix ( Figure 3A) . If the mitochondrial ⌬p is below the value required for ATP synthesis, then the ATP synthase will reverse and hydrolyse cytoplasmic ATP in an attempt to maintain the potential. In this condition, addition of oligomycin will depolarize the mitochondria and increase whole-cell fluorescence. By this criterion, it is still possible to see oligomycin hyperpolarization of mitochondria in cells which have been exposed to glutamate/glycine ( Figures 4A and 4B) and thus it appears that the mitochondria continue to synthesize ATP under these conditions. The resolution of this technique can be extended to the single mitochondrion by the use of confocal scanning microscopy. The mitochondria appear thread-like along the neurite extensions and folded into the thin annulus of cytoplasm within the somata ( Figure 5 ). The loading conditions for probes of ⌬⌿ m differ from those above since the optimal conditions are those in which the concentrations of TMRM are sufficiently low to avoid quenching within the mitochondrial matrix, allowing changes in ⌬⌿ m to be detected as a brightening (hyperpolarization) or dimming (depolarization) of the fluorescence of individual mitochondria. Addition of protonophore or the K ϩ -uniport ionophore valinomycin (which collapse ⌬⌿ m ) leads to a massive efflux of dye from the mitochondrion to the cytoplasm, followed by a rapid cytoplasmic fading as TMRM is lost from the cell ( Figure 5B ). The addition of glutamate to granule cells in low KCl results in a fading of the mitochondrial signal without a corresponding enhancement of the cytoplasmic signal ( Figure 5A ). This is consistent with the redistribution of the dye following plasma-membrane depolarization and can be reproduced by nigericin, which depolarizes ⌬⌿ p without collapsing ⌬⌿ m ( Figure 5C ).
Mitochondria and the induction of DCD
It is apparent from the previous discussion that mitochondria play a key role in the induction of DCD and that the latter is most likely to be associated with a failure of cytoplasmic Ca 2ϩ efflux. It is now necessary to discuss the mechanism by which the mitochondria could induce a progressive, NMDAreceptor-dependent failure of Ca 2ϩ efflux. Any mechanism has to be consistent with the following observations: (i) in the absence of NMDA-receptor activation cells maintain Ca 2ϩ homoeostasis for prolonged periods regardless of whether the mitochondria are polarized (control conditions or plus oligomycin) or depolarized (rotenone plus oligomycin); (ii) during chronic NMDAreceptor activation, cells are susceptible to DCD when mitochondria are polarized, but not when they are depolarized. We can obtain no evidence for the operation of the mitochondrial permeability transition in granule cell DCD, since no more than a 5 min delay in the onset of DCD can be induced by cyclosporin derivatives or bongkrekic acid [16] .
Reactive oxygen species
Granule cells increase their production of reactive oxygen species during NMDA-receptor activation, as determined by EPR using a spin trap [24] . Continuous fluorometric monitoring of reactive oxygen species has been attempted with a variety of neurons. The ideal indicator must be membrane permeant (to gain access to the site of reactive oxygen species generation), respond to a single reactive oxygen species [superoxide (O 2 Ϫ• ), hydrogen peroxide, peroxynitrite, etc.] and generate a signal which is unaffected by other mitochondrial or cytoplasmic parameters. While we are aware of no indicator which satisfies all these criteria, the careful use of hydroethidine (HEt, which is oxidized by O 2 Ϫ• to form the fluorescent ethidium monomer [25] ) is able to give a useful qualitative measure of O 2 Ϫ• generation. The major complication is that ethidium is a membrane-permeant cation which therefore redistributes within the cell in response to changes in ⌬⌿ m [26] ; the appearance of ethidium fluorescence within the matrix cannot therefore be taken necessarily to indicate its site of origin. If the concentration of ethidium within the matrix is sufficient to cause dye aggregation and fluorescence quenching then factors which decrease ⌬⌿ m will lead to an increase in single-cell fluorescence as the dye is released into the cytoplasm; the enhancement will be magnified by the ability of the dye to intercalate into nucleic acids with a further increase in fluorescent yield. We have determined empirically that this ⌬⌿ m artifact can be avoided by the use of low concentrations of HEt during single-cell imaging [26] .
The generation of O 2 Ϫ• by isolated mitochondria is largely due to oneelectron reduction of molecular oxygen at the outer ubisemiquinone-binding site in complex III [27] . Generation of the reactive oxygen species is facilitated by conditions which hinder electron removal from this site, including an ele- vated ⌬⌿ m [28] , the presence of the complex-III inhibitor antimycin A [27] or Ca 2ϩ loading [10] . Conversely, protonophores virtually abolish O 2 Ϫ• generation [28] . There have been a number of reports that protonophore addition to neurons enhances the production of O 2 Ϫ• monitored by HEt or related dyes [25, 29, 30] but we have demonstrated for granule cells that this is due to the membrane-potential artifact discussed above [26] . In the presence of low concentrations of HEt, it is found that antimycin A and glutamate, but not protonophore, enhance the rate of fluorescence increase ( Figure 6 ). The glutamate-induced increase is abolished by MK-801 and by the combination of rotenone/oligomycin, consistent with a mitochondrial origin ( Figure 6 ). The use of spin traps as free-radical scavengers produces significant protection against NMDA-induced excitotoxicity [24] . However, an increased mitochondrial production of O 2 Ϫ• is not sufficient to account for DCD, since the combination of antimycin A and oligomycin, which depolarizes the mitochondria but enhances the generation of O 2 Ϫ• [26] , appears to confer as much protection against glutamate-induced DCD [16] as does the combination rotenone/oligomycin ( Figure 6 ).
Conclusions
Our studies have thrown up several unexpected results, the first of which is that mitochondrial ATP synthesis appears to be more important than mitochondrial Ca 2ϩ sequestration in maintaining a low [Ca 2ϩ ] c . Thus the increased cytoplasmic Ca 2ϩ transients in the presence of protonophores are attributable to ATP depletion rather than the loss of Ca 2ϩ sequestration, while mitochondrial depolarization under conditions which avoid ATP depletion actually decreases the acute cytoplasmic Ca 2ϩ responses, due to an enhancement of Ca 2ϩ efflux from the cell. We have distinguished ICD, caused by an acute ATP depletion, from DCD, since the former is reversible, whereas DCD is the visible manifestation of a progressive erosion in the spare capacity of the cell to maintain cytoplasmic Ca 2ϩ homoeostasis in the presence of continued NMDA-receptor activation. DCD does not appear to be a direct consequence of bioenergetic failure: it occurs after the same delay in cells maintained by glycolysis alone (as long as the mitochondria are polarized) and in cells with functional mitochondria and is not reversed by additional substrates. In contrast, mitochondrial depolarization is strongly neuroprotective; this is not due to the decreased cytoplasmic Ca 2ϩ responses seen in this condition. The failure of cyclosporin derivatives and bongkrekic acid to inhibit DCD [16] appears to rule out the mitochondrial permeability transition in this context. Whereas the mitochondrial generation of reactive oxygen species is strongly implicated in DCD, they are not sufficient to cause DCD in the absence of mitochondrial Ca 2ϩ accumulation. Finally, the target of mitochondrially induced damage appears to be the Ca 2ϩ -extrusion mechanism at the plasma membrane, which in the presence of continued NMDA-receptor activation is likely to be the Ca 2ϩ -ATPase.
